ABSTRACT This study was to determine the effects of dietary Zn-methionine (Zn-Met) supplementation on the laying performance, egg quality, antioxidant capacity, and serum parameters of laying hens. Jingh ong-1 strain laying hens (n = 720, 49 wk of age) were randomly assigned to 6 treatments with 6 replications of 20 birds. The control was fed a basal diet supplemented with 80 mg of Zn/kg as Zn sulphate of diet and the 5 groups were fed a basal diet supplemented with 20, 40, 60, 80, and 100 mg of Zn/kg as Zn-Met of diet for 10 wk, respectively. At the terminal experiment, there were significant differences between control and 80 mg/kg Zn-Met group in feed intake (P < 0.05) and feed conversion ratio (FCR) (P < 0.01). Egg weight (P < 0.05) and albumen height (P < 0.01) reduced and were not significantly influenced by supplemental 80 mg/kg Zn-Met group until being stored 15 d as compared to the control. Zn-Met group in 100 mg/kg significantly increased haugh unit (P < 0.05) as compared to the control. The activity of MDA in serum had a linear decrease in 20 to 100 mg/kg Zn-Met. The activity of CAT in liver and GSH-Px in serum had quadratic effects in response to the Zn-Met treatments. Compared to the control, 60 mg/kg Zn-Met group increased the T-AOC, GSH-Px activity in serum (P < 0.01), and the T-AOC (P < 0.05), CuZnSOD (P < 0.01), GSH-Px (P < 0.01) activity in liver. Compared with the control, the concentration of serum ionic Ca in 80, 100 mg/kg Zn-Met treatments reduced (P < 0.01) significantly while the activity of serum alkaline phosphatase (AKP) increased in the Zn-Met groups of 40, 60, and 80 mg/kg (P < 0.01), and 100 mg/kg (P < 0.05). In conclusion, dietary Zn-Met supplementation at 60 to 80 mg/kg had more positive effects on performance, egg quality, and antioxidant capacity in laying hens as compared to 80 mg/kg ZnSO 4 .
INTRODUCTION
Layer producers are continually looking for improving their profitability via increased egg production, improved egg quality, increased number of salable eggs, and sustained flock health (Gheisari et al., 2011) . There exists a high risk of eggshell breakage and bacterial infection for commercial eggs in the working link of collection, classification, packaging, transportation, storage, and processing. So egg quality is very important in the sales of eggs and development of poultry production.
Zinc, as a main trace mineral, plays an important role in poultry (Kucuk et al., 2008) , particularly for laying hens (Scheideler, 2008) . The results of previous studies on zinc have demonstrated that zinc is a component of a number of metalloenzymes such as carbonic anhydrase that is essential for eggshell formation in the hens shell gland (Nys et al., 1999; C Mabe et al., 2003; Yilmaz Dikmen et al., 2015; Yenİce et al., 2015) . Moreover, zinc is an essential nutrient with widely varying functions in biological processes (Vallee et al., 1993; Prasad, 1996) , including immune function (Castillo et al., 2008) , growth (Neto et al., 2011) , development (Mohammadi et al., 2015) , and hormone production and secretion, which can affect animals production and reproduction performance (Tsai et al., 2016) . Lima et al. (2000) reported that specific gravity of egg, eggshell strength, and eggshell thickness were increased by supplementation of Zn-methionine (Zn-Met) chelate in single or in combination with Mn-Met chelate. But in excess, zinc has detrimental effects on egg production, affecting the absorption of nutrients, causing lesions on pancreas and gizzard of laying hens (Beisel, 1982; Hudson et al., 2005) . Hence, zinc supplementation should be further studied.
Current mineral supplementation is based on the traditional use of inorganic forms (Yilmaz Dikmen et al., 2015) . Many disadvantages are found in the usage of inorganic trace minerals, such as forming insoluble compounds of phytic phosphorus with trace elements, low digestibility, their polluting the environment by being 923 thrown away with faeces, ration addition in an amount higher for meeting the demand and the cost resulting from this (Leeson et al., 2005; Yan et al., 2006) , while the usage of organic complexes or chelated minerals in premixes for livestock diets has been suggested based on the hypothesis that chelated mineral complexes have a higher bioavailability than inorganic salt analogues (Mabe et al., 2003; Castillo et al., 2008; Namazu et al., 2008; Trindade et al., 2010; Mohammadi et al., 2015) . This implies that inorganic minerals (such as oxides, sulphates, carbonates, and phosphates) (Stefanello et al., 2014) may be replaced by organic minerals (such as proteinates and amino acid chelates) (Gheisari et al., 2010) at a much lower concentration without a negative impact on the performance. However, the combination of 1 metal ion complexed with 1 single amino acid (such as Zn-Met) may account for the increased utilization of the minerals by the bird compared with metal proteinates and inorganic mineral sources (Burrell et al., 2004; Torres, 2013) .
Given high bioavailability and improved laying performance associated with organic Zn sources in laying hens may provide better benefits than inorganic forms. In order to test the hypothesis, we evaluated the performance, egg quality, antioxidant capacity, and serum parameters of laying hens in diets with inorganic zinc (ZnSO 4 , 80 mg/kg) and organic zinc 20, 40, 60, 80 , and 100 mg/kg, respectively).
MATERIALS AND METHODS
All experimental procedures were conducted in accordance with the Animal Welfare Committee guidelines and approved by the Animal Science College of Zhejiang University (Hangzhou, China).
Bird Management
In this study, a total of 720 commercial hens of Jinghong-1 strain at the age of 49 wk with the similar performance were randomly allotted to 6 dietary treatment groups, comprising the control and 5 experimental groups. Each of the groups consisted of 6 replicates in 5 different cages (4 birds per cage). The size of each cage (equipped with 2 nipple drinkers and 1 feeder) was 50 × 45 × 45 cm 3 . All laying hens were raised in an enclosed, ventilated, and conventional house with 16 h lighting and 55% relative humidity on average. Feed and water were offered ad libitum. The environmental conditions were the same for all groups.
Experimental Design and Diets
This research was conducted using different zinc sources. The control (80 mg/kg) was fed basal diet with zinc sulfate (ZnSO 4 ·H 2 O); The 5 experimental groups (20, 40, 60, 80, and 100 mg/kg, respectively) were fed basal diet with Zn-Met (purity: 95.20%, 17.20% of zinc content, 78.00% of methionine, Zhejiang Xinxin Feed Co., Ltd, Jiaxing, China). The basal corn-soybean meal diet (Table 1 ) was formulated to meet or exceed the requirements of NRC (1994) . The ZnSO 4 and Zn-Met were first mixed with the premixes and then with the other ingredients to make feed mixing uniformity higher. The differential content of methionine was caused by the addition of graded Zn-Met, which was corrected by addition of extra methionine in the premixes. Hence all nutrients were kept at the same levels expect for the zinc content. Approximately 200 g of each diet was chosen and stored at -20
• C for analysis of the zinc content according to the method of atomic absorption spectrometry using an atom absorption spectrophotometer. The analyzed zinc contents in the 6 experimental diets were 87.98 (control), 29.35, 48.87, 69.96, 88.83, and 108 .12 mg/kg. The experiment lasted 11 wk included a 1-wk acclimation period and a 10-wk experimental period.
Sample Collections
The egg formation phase generally took place before noon. The number of eggs and egg weight were recorded daily (at 14:00) throughout experiment on a replication basis and hen-day egg production was calculated. Feed consumption was measured weekly on a replication basis and feed conversion ratio (FCR) was calculated (feed intake / (egg weight × egg production)). Twelve eggs from each replication of every treatment were randomly collected at the end 
* " refers to P < 0.05. " * * " refers to P < 0.01. "-" refers to no significance between the comparison. FCR = feed conversion ratio.
of 10-wk experiment to determine the egg quality and stored at room temperature (30
. At the end of the experiment (10 wk), 8 hens from each treatment group were randomly selected and marked. After 12-h feed withdrawal (water was offered ad libitum), blood samples were collected before slaughter from the wing vein using a 5-mL vacuum blood tubes. After the serum was separated naturally, it was centrifuged for 10 min (3,000 × g) to separate out serum. Pure serum samples were aspirated by pipette, stored in 1.5-mL Eppendorf tubes at −70
• C until analyses, and thawed at 4
• C before analysis. In addition, hens were sacrificed by bleeding of the jugular vein. About 2 g liver was removed and immediately frozen in liquid nitrogen for assays of antioxidant capacity.
Egg Quality Determination
The storage stabilities of eggs were measured in replication of 4 eggs on 1d, 5d, and 15d after collecting, respectively. The eggs were weighed prior to being cracked. Eggshell thickness was measured (without shell membrane) with a caliper at 3 different points (air cell, sharp end, and any side of the equator) and estimated by the average of the 3 different thickness measurements from each egg (Yilmaz et al., 2015; Tsai et al., 2016) . Egg weight, eggshell strength, albumen height, yolk color, and haugh unit (HU) were measured by using a digital egg tester (DET-6000, Nabel Co., Ltd, Kyoto, Japan).
Antioxidant Capacity Determination
The activities of malondialdehyde (MDA), total antioxidant capacity (T-AOC) contents and the activities of catalase (CAT), copper-zinc superoxide dismutase (CuZnSOD), and glutathione peroxidase (GSH-Px) in serum were analyzed using analysis kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) and a microplate reader (Bio-tek ELX800, Biotek Instruments, Inc., Winooski, USA), according to the manufacturer's directions. Moreover, the mixture of liver and saline (0.76%) at 1:9 (weigh: volume) was made into 10% tissue homogenate mechanically, and then centrifuged for 10 min (3000 × g) to separate out supernatant, which was used to determine antioxidant capacity of liver by using the above way.
Serum Parameters Determination
Concentrations of serum ionic Ca, P, Zn, the activity of serum alkaline phosphatase (AKP) were measured by using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) and a microplate reader (Bio-tek ELX800, Biotek Instruments, Inc., Winooski, USA).
Statistical Analyses
The data were expressed as means, and analyzed statistically between the control (ZnSO 4 ) and each of the levels of Zn-Met by independent samples test using SPSS 20.0. Values of P < 0.05 were considered significant. Effects of different dietary Zn-Met level were determined using orthogonal polynomials for linear and quadratic.
RESULTS

Effects of Zn-Met Supplementation on Laying Performance of Laying Hens
The effects of dietary Zn-Met supplementation on laying performance of laying hens are shown in Figure 1 and Table 2 . There were significant differences between the control and 80 mg/kg Zn-Met group in feed intake (P < 0.05) and FCR (P < 0.01).
Effects of Zn-Met Supplementation on Egg Quality of Laying Hens
The effects of Zn-Met supplementation on egg quality of different storage time (1, 5, and 15 d) of laying hens were shown in Figure 2 and Table 3 . At room temperature (30 • C ± 2 • C), the comparisons between control and each of the other treatments had no significant effect (P > 0.05) on yolk color, shell strength and shell thickness at 1, 5, or 15 d of storage (Fig. 2  (a), (c) , (e) and (f), Table 3 ). When eggs were placed 1 d or 5 d, egg weight, albumen height and haugh unit did not differ (P > 0.05) significantly in response to comparisons between the control and any Zn-Met treatment. Nevertheless, after 15 d in store, egg weight in 60, 80 mg/kg Zn-Met groups had significant difference (P < 0.05) compared to the control while albumen height in 80, 100 mg/kg Zn-Met groups had significant difference (P < 0.01) as compared with the control. In addition, 100 mg/kg Zn-Met group significantly increased HU of eggs compared to the control (P < 0.01) in 15 d of storage.
Effects of Zn-Met Supplementation on Antioxidant Capacity of Laying Hens
Activities of antioxidant enzymes, namely MDA, T-AOC, CAT, CuZnSOD, GSH-Px, in serum and liver of laying hens are shown in Figure 3 and Table 4 . The activity of MDA in serum response to the supplemental Zn-Met was linear and reduced in 20 to 100 mg/kg Zn-Met. The activity of CAT in liver and GSH-Px in serum had quadratic effects in response to the Zn-Met treatments. The CAT activity in liver in 20 to 100 mg/kg Zn-Met increased with the increasing Zn-Met levels while the GSH-Px activity in serum was maximized in 60 to 80 mg/kg Zn-Met. Compared to the control, 60 mg/kg Zn-Met group increased the T-AOC, GSH-Px activity in serum (P < 0.01), and the T-AOC (P < 0.05), CuZnSOD (P < 0.01), GSH-Px (P < 0.01) activity in liver.
Effects of Zn-Met Supplementation on Serum Parameters of Laying Hens
In relation to the serum parameters in present study (Figure 4 , Table 5 ). Compared to the control, concentrations of serum P, Zn were not affected (P > 0.05) by Zn-Met treatments. Compared with the control, the concentration of serum ionic Ca in 80, 100 mg/kg Zn-Met treatments reduced (P < 0.01) significantly while the activity of serum AKP increased in the ZnMet groups of 40, 60, and 80 mg/kg (P < 0.01), and 100 mg/kg (P < 0.05). Concentrations of serum ionic Ca and Zn had quadratic effects that was minimized at 80 to 100 mg/kg Zn-Met. The response of AKP activity to supplemental Zn-Met was quadratic, and was maximized at 60 to 80 mg/kg Zn-Met. 
* " refers to P < 0.05. " * * " refers to P < 0.01. "-" refers to no significance between the comparison.
DISCUSSION
Traditionally, the major sources of Zn in the mineral supplements formulated for animal feeding have been its inorganic salts like Zn sulphate (ZnSO 4 ), Zn oxide (ZnO), Zn chloride (ZnCl 2 ), etc (Garg et al., 2008) . Recently, organic trace minerals, especially mineral amino acid complex, or chelate have been focused on the role in the high quality egg production of laying hens (Zhao et al., 2005; Favero et al., 2013) , and they are more easily absorbed and stored in the body tissues (Ao et al., 2008; Pierce et al., 2009 ). There were previous scientific literatures that have shown that it is possible to reduce the level of dietary inorganic zinc and replace it with organic forms without influencing the broilers or laying hens (Leeson et al., 2005; Ao et al., 2008; Pierce et al., 2009) .
In the experiment, laying hens' responses to zinc sulphate and Zn-Met were studied. Zn-Met treatments did not affect the average daily egg weight compared to the control, which was different from the result of Paik (2001) reporting that an enhancement in egg weight was observed when the hens received organic zinc. Furthermore, the current study showed that egg production by laying hens fed diet containing 60 to 80 mg/kg Zn as ZnMet was much higher than that of other Zn-Met treatments, which was similar to the result of Klecker et al. (1997) . It was found in our study that feed intake and FCR were reduced by supplementation of layer diets with 80 mg/kg Zn-Met replacing inorganic forms of zinc (ZnSO 4 ), which were different from the results of Rossi et al. (2007) reporting that increased level of organic Zn (0, 15, 30, 45, and 60 ppm) supplementation had no effect on live weight, feed intake, FCR and mortality in broilers. Contrary to the present study, Sechinato et al. (2006) and Eseceli et al. (2010) reported the supplementation of different zinc sources and levels did not affect the performance of laying hens. The reasons for this difference may be due to short length of the experiment, the amount of Zn present in basal diet or something such as phytate, which forms insoluble complexes with zinc and prevents its absorption (Yilmaz et al., 2015) .
As knowing the effects of Zn-Met supplementation on performance of laying hens, whether zinc could play a role in the internal quality of eggs is worth being studied. But egg internal quality is easily affected by many factors, such as storage, hen age and strain, nutrition, and so on. It is likely that these factors interact in affecting albumen height and HU (Roberts, 2004) that is used to measure the protein quality and freshness of eggs. In the present study, it was observed that yolk color, shell strength, and shell thickness of eggs stored at room temperature (30 • C ± 2 • C) and different storage time were not affected by any Zn-Met treatment compared to the control. But egg weight and albumen height reduced and were not significantly influenced by 80 mg/kg Zn-Met group compared to the control until being stored 15 d. This fact indicated that the quality of egg shell was impaired more with the control and that storage at room temperature favored the loss of water (Gravena et al., 2011) . Results of this study showed that HU was significantly affected by 100 mg/kg Zn-Met treatment compared to the control after 15 d of storage. The results of previous studies on storage 
* " refers to P < 0.05. " * * " refers to P < 0.01. "-" refers to no significance between the comparison. MDA = malondialdehyde, T-AOC = total antioxidant capacity, CAT = catalase, CuZnSOD = copper-zinc superoxide dismutase, GSH-Px = glutathione peroxidase.
time have demonstrated that the changes occurring in albumen quality during egg storage appear to be related to changes occurring in ovomucin, particularly the thick albumen (Kato et al., 1981; Toussant et al., 1999) . Gheisari et al. (2011) thought albumen quality was indirectly related to amount of carbon dioxide diffusion since the moment of lay. However, Roberts (2004) reported that albumen height and HU decreased with storage time and this decrease occurred more quickly at higher temperatures. In this sense, this ability of zinc to maintain egg quality during storage may be related to increased activity of antioxidant enzymes present in the egg, and organic zinc may play a better role in this function than inorganic zinc in this study.
According to the above supposition, it was hypothesized that dietary Zn-Met supplementation could increase the activities of antioxidant enzymes. To test the hypothesis, the activities of antioxidant enzymes in serum and liver of laying hens fed the diet with zinc sulphate or Zn-Met were determined. MDA is a soluble degraded product of lipids (Raharjo et al., 1993) and an indicator of lipid peroxidation (Kucuk et al., 2003) that indicates the oxidative damage of cells (Bun et al., 2011) . With different dietary Zn-Met levels supplemented in laying hens, Zn-Met groups in our study resulted in a linear decrease in serum concentration of MDA indicating that Zn-Met can relieve the oxidative damage in laying hens.
Zn is necessary for the structure and function of CuZnSOD, which is 90% of the total SOD (Noor et al., 2002) that can catalyze the disproportionation of O 2 − to H 2 O 2 and oxygen (Wu et al., 2011) . In turn, H 2 O 2 is converted by CAT and GSH-Px into H 2 O and molecular oxygen in animal cells (Nordberg and Arner, 2001; Bun et al., 2011) . Our present study showed that the activities of CAT in the liver increased with the increasing Zn-Met supplementation in the diet and was highest in the 100 mg/kg Zn-Met group. As compared with the control, the concentration of CuZnSOD in 60 mg/kg Zn-Met group increased in liver while the activities of T-AOC and GSH-Px in 60 mg/kg Zn-Met group all 
- * * * * * * * " * " refers to P < 0.05. " * * " refers to P < 0.01. "-" refers to no significance between the comparison. Ca = Calcium, P = phosphorus, AKP = alkaline phosphatase.
increased both in serum and liver. Several studies have shown that supplemental Zn could increase liver expressions of CuZnSOD activity in piglets (Wang et al., 2012) and in broilers (Liu et al., 2015) , which is similar with our results in laying hens. The antagonism between the cooper and zinc iron in vivo (Gao et al., 2017) could be used to explain why CuZnSOD concentration decreased at high level of zinc supplementation (80, and 100 mg/kg). Overall, the Zn-Met can improve the antioxidant capacity in laying hens, but the contents of MDA, CAT, and CuZnSOD were different in the serum and liver, mostly significant in the liver. Firstly, it could be due to the different role of serum and liver played in the living body. The former is the carrier of transporting nutrients into functional parts and the latter is the main organ involved in bioconversion reaction in the body. Secondly, the content of Zn in the liver and serum was different. The enzyme activities in serum may be lower than in liver because of the low content of Zn in serum. Or the high content in liver may inhibit the enzyme activity such as MDA.
On the basis of the above research, we also focus on the effects of different zinc treatments on the concentration of serum ionic Ca, P, Zn, and activity of AKP of laying hens that are meaningful for better understanding the function and application of zinc. In the current study, concentrations of serum P, and Zn in any Zn-Met group had no significance compared to the control. In the previous studies, Yilmaz et al. (2015) found that dietary supplementation of ZnAA-MnAA chelate were not significantly affected plasma total protein, glucose, total cholesterol, Ca, P, and Zn level. Feng et al. (2010) reported that zinc glycine increased serum total protein and calcium concentration but had no effect on albumin or phosphorus. However, in our study, 80 or 100 mg/kg Zn-Met supplementation to the layer diet reduced the concentration of ionic calcium and also improved the activity of AKP when compared to 80 mg/kg zinc sulphate. Because AKP is a zinc-containing enzyme and zinc is essential to maintain its activity (Yu et al., 2005) , which with Zn in its structure plays an important role in calcium storage in bone (Rothbaum et al., 1982; Brandão-Neto et al., 1995) , and then shell formation requires several times as much as exists in the extra-cellular pool (Bar, 2008) . Maybe it was the main reason why AKP increased with the reducing level of ionic calcium in serum.
In conclusion, dietary zinc as Zn-Met supplementation at 60 to 80 mg/kg had more positive effects on performance, egg quality, and antioxidant property in laying hens as compared to 80 mg/kg ZnSO 4 . This means that inorganic zinc can be substituted by lower concentration of organic zinc.
